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PHYSICAL AND COMPUTER MODELING OF ROOF BOLT SYSTEMS

By S. M. Dar,' T. W. Smelser,? and H. C. Pettibone®

ABSTRACT

The U.S. Bureau of Mines constructed a full-scale model of a 15-ft-wide coal mine entry to use in
combination with finite-element analyses to investigate roof support systems and various types of roof
bolts. The objective was to enhance understanding of the fundamental mechanics of the interaction
between rock and supports and the relative integrity of bolted mine roof as a function of roof bolt type,
length, spacing, and tension, and the basic characteristics of the roof strata. The laboratory test results,
when correlated with computer simulations using finite-element analysis and underground verification
tests, should provide a basis for designing safer, more cost-effective roof control systems and help to
establish guidelines for employing fully grouted resin and mechanically anchored bolting systems. The
background for this research, the research approach, the methods and equipment employed, and the
results are described in this report.

'Mechanical engineer.
supervisory mechanical engineer.
Research civit engineer (retired).
Spokane Research Center, U.S. Bureau of Mines, Spokane, WA.



INTRODUCTION

During the last 30 years, the use of roof bolts for the
support and stabilization of U.S. coal mine excavations has
increased, until today roof bolting is the primary support
system. The result has been a significant reduction in the
number of fatal and nonfatal roof fall accidents in under-
ground coal mines, although roof fall accidents still occur
where bolts have been installed. In practice, most roof
bolting plans are based almost entirely on trial and error
and inevitably lead to underdesign or overdesign with
regard to bolt length, spacing, tension, and type. Under-
design causes safety problems, and overdesign is a financial
burden to the coal mine operator. A set of comprehensive
guidelines for the industry is needed to encourage the
selection and design of roof bolting plans that will maxi-
mize safety and minimize cost. Such guidelines must be
adaptable to the site-specific geology of a given coal mine
as well as provide specific design criteria.

Although a number of theories have been proposed and
a great amount of research has been carried out regarding
the mechanics of rock reinforcement and mine roof behav-
ior, there is still no consensus on criteria for the design
and installation of roof bolt systems, In particular, there
is an incomplete understanding of how much tension
should be applied to mechanically anchored roof bolts
when they are installed in order to achieve a stable mine
roof under specific geologic and mining conditions.

As part of its mission to improve mine safety, the U.S.
Bureau of Mines is performing basic research on roof bolt
performance under a variety of geologic conditions. A
physical model, computer simulations using finite-element
analysis, and field verificaiion were chosen for this re-
search because they were technically and economically
feasible. Underground testing alone has proven too com-
plex, costly, and time consuming and has yielded limited
results. On the other hand, a physical model allows pre-
cise measurement of the performance of different bolt
types under controlled test conditions using a wide range
of roof bolting parameters. Although the model con-
structed was idealized and limited in size, it served as a
reliable basis for validating the use of bolts for rock rein-
forcement and for verifying the accuracy of computer
modeling. Computer modeling using the finite-element
approach enables evaluation of the extremely variable and
complex site-specific problems encountered in an under-
ground mine environment in a rapid and cost-effective
manner. Small-scale underground tests to verify the finite-
element predictions serve to increase confidence that this
multifaceted approach can establish practical guidelines for
roof bolting under various mining conditions. However,
this report reviews physical and computer modeling studies
only, because sufficient field data were not available for
comparison at the time of reporting.

PHYSICAL MODEL

The model is a full-sized reproduction of a coal mine
entry housed at the Bureau’s Spokane Research Center
(SRC) (fig. 1). This model consists of two supporting
concrete pillars, 3 ft wide, 6 ft high, and 15 ft long, sepa-
rated by a clear span of 15 ft. The pillars are capped by
six roof slabs, one on top of another, each 1 ft thick by
15 ft wide by 21 ft long. The model entry was constructed
of 90 yd® of fine-grained concrete having a design strength
of 5,000 psi, which simulates a competent shale. Sur-
rounding the concrete entry, and tied into a structural
testing floor, is a 150-ton structural steel reaction frame
supporting a servocontrolled hydraulic loading system.
Loads from the hydraulic cylinders are distributed over the
model surface through rubber-faced steel pads approxi-
mately 30 in square. This system is capable of applying
about 3 million Ib vertically and 1.8 million Ib horizontally
and has vertical and horizontal shear capabilities of 0.5 and

0.9 million b, respectively. A system of hydraulic supports
in the model mine entry is capable of providing simulated
premining and postmining support.

The roof slabs, with roof bolts installed, are extensively
instrumented with gauges that monitor strain in the bolts,
total load on certain types of bolts, slab deflection, strain
within slabs and pillars, interlaminar slip between slabs,
temperatures within and around the model, movement of
the pillars, and entry closure. A minicomputer and data
acquisition system control the testing operation on a real-
time basis. Real-time data, displayed on a cathode-ray
tube, keep the model operators constantly informed of
critical strains within the model and the bolting systems,

Roof bolt holes were drilled into the roof slabs in a 4-
by 4-ft pattern, and parallel tests were performed to
compare conventional mechanically anchored steel bolts
with resin-grouted steel bolts.
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Figure 1.-Full-scale model of mine entry.



CONSTRUCTION OF MODEL
COAL. MINE ENTRY

The dimensions of the model were chosen fo maiatain
the approximate dimensions (fig. 2) of a typical under-
ground coal mine opening and also to fit within the ex-
sting space at SRC. The horizontal and lateral dimen-
sions of the unsupported span were selected to allow four
rows of bolts in both directions at 4-ft spacings. The
ummediate roof was assumed to consist of six layers, each
1 ft thick. The immediate roof thus could accommodate
bolt lengths of 4 to 6 ft and could also approximate the
bedding of an actual mine roof.

The roof slabs and pillars are separated from each
other by a layer of 6-mil polyethylene sheeting to prevent
bonding of the concrete and to produce a uniform coeffi-
cient of friction in the laminated roof (appendix B, table
B-3). A 5,000-psi, sand-portland cement grout was used to
simulate a competent shale. Steel fiber was added to the
grout mix to help eliminate shrinkage and cracking and to
extend the useful life of the slabs. Eighty pounds of 50- by
0.5-mm steel fiber was used per cubic yard of grout in the
slabs.

The simulated mine entry was cast in place on the
structural test floor at SRC. The 3- by 6- by 15-ft pillars
and the 15- by 21- by 1-ft slabs were emplaced at 1-week
intervals using plywood forms fabricated on-site. The slabs
were supported by temporary shoring designed to allow a
maximum vertical deflection of the slabs, under full dead
load, of 0.005 in. Seven-inch-square cutouts were provided
in the bottom form so that 20 mechanical jacks could be
placed under the concrete slabs to support them fully
before tize temporary shoring was removed. This ensured
that the concrete slabs would be fully supported at all
times and so prevented unwanted creep strains from
developing in the slabs.

1 ' |
15
/'l |
2! : 6 I-11
/ Slab | 1hick
roof

=
3

!

| O
Pillar F~3

Figure 2.-Dimensions of model mine entry.

Concrete Placement

The concrete was delivered in ready-mix trucks; the
steel fibers were added and mixed; and the mixture was
transferred from the truck to the forms using a 1/2-yd’
bucket on an overhead crane in the structures bay at SRC.

The concrete in the 6-ft-high pillars was placed in 1-ft
lifts. Each lift was thoroughly vibrated with an immersion-
type vibrator. The slabs were placed in two 6-in lifts, and
again the concrete was thoroughly vibrated with an im-
mersion-type vibrator. Concrete was carefully placed
around the instruments by hand (fig. 3). Markers were
suspended from strings over each instrument so the instru-
ments would not be disturbed by the vibrator while the
second lift of concrete consolidated. Carefully planned
emplacement procedures and care in following these pro-
cedures resulted in the emplacement of 90 yd’ of concrete
without damage to any of the 121 embedded instruments.

Figure 3.-Placing concrete around embedment strain gauges.
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Quality Control

Tests to evaluate the material properties of the concrete
were conducted following the procedures outlined by the
American Society for Testing and Materials (ASTM).
The concrete in each truck was agitated at a fast rate and
then tested to make sure the load met slump, temperature,
and air specifications. The samples consisted of twenty-
four 6- by 12-in cylinders, four flexure beams, and four
shear samples. Twelve cylinders, two flexure beams, and
two shear samples were cast from half of the first lift.
After half of the second lift had been emplaced, the sec-
ond set of samples was taken frome the concrete remaining
in the truck.

Eight cylinders were tested at 7, 14, and 28 days to
determine their compliance with the strength specifi-
cations. The remaining 16 cylinders were separated into
2 groups of 8 and evaluated at the beginning and end of
the test period. Samples from structural beams were
similarly divided; however, the shear samples were all
tested at the end of the test period. The large number of
concrete specimens provided reliable, statistically signifi-
cant figures for the desired concrete properties of the
model coal mine entry. The results showed acceptable
uniformity in strength and moduli, and the values obtained
were used as input for computer modeling of the physical
model.

Curing Procedures

Steps were taken tc control the hydration rate of :he
concrete and to ensure dimensional stability. Each pillar
had the forms stripped away 1 day after concrete place-
ment. The pillars were then cured for 28 days with wet
burlap. A resin-based curing compound was applied at
four times the normal amount, and the pillars were com-
pletely wrapped in 6-mil polyethylene. The curing com-
pound and plastic cover served as moisture seals to reduce
moisture loss.

Experience obtained during a Bureau contract at the
U.S. Army Corps of Engineers, Construction Engineering
Research Laboratory, Champaign, IL, showed that differ-
ential drying or differential temperatures in the concrete
can cause curling of large, unreinforced slabs. Because of
the potential for such problems, the following curing and
insulation procedures were used.

Two sets of slab forms were built, and they remained in
place for at least 7 days after concrete placement. Imme-
diately after the forms were stripped, any projections were
ground off and an epoxy curing compound was applied
along the sides and ends of the slabs at four times the
normal amount. As soon as the compound cured,

4American Society for Testing and Materials (Philadelphia, PA).
C 39, C 78, C 143, C 172, C 192, C 684, C 873 in 1979 Annual Book of
ASTM Standards: Part 14, Concrete and Mineral Aggregates.

6-mil polyethylene was taped temporarily in place over the

exposed surface. The top face of each slab was sprayed
with water, and approximately 4 k later, the slabs were
covered with a 6-mil layer of polyethylene and a 2-in
concrete curing (insulation) blanket. The polyethylene
sheet on the top of slabs 1 through 5 were left in place
permanently to prevent concrete bonding between layers
and to ensure a more uniform and predictable coefficient
of friction. Three and one-half inches of fiberglass were
also placed under the bottom form of slab 6 (fig. 2) to
minimize temperature differentials in the slabs during the
initial curing period. Temperature readings taken from
the sensors buried in the slabs showed that this method
was successful. The top of siab 1 was sealed with an epoxy
curing compound, which successfully retarded curling. The
top was also coated with an antiskid vapor barrier.

LABORATORY TEST SYSTEM
Reaction Frame

The entire reaction frame and how it interacted with
the structural testing floor is depicted in figure 4. The 15-
ft-long spreader beams under the structural test floor were
necessary because the load being transferred through the
intermediate bolts securing the base plate to the floor was
90 kips, which was 50 pct higher than the allowable 60 kips
per tiedown hole. The unusually high loads being placed
on the floor caused concern, and during initial testing, the
floor was very carefully monitored, as described later.

Figure 4.-Scale model of model mine entry.



The reaction frame is a pinned structure; hence, the
diagonal brace on the left side is necessary to ensure sta-
bility of the frame. To facilitate disassembly of the frame
in preparation for placing a new concrete entry, the frame
was designed in modules, as shown in figure 4. Connec-
tions between the modules are bolted, while all other
connections are welded, and the hydraulic lines are
supplied with quick disconnects.

The load plates that apply the load to the outer surface
of the concrete entry were designed for minimal deflection
to ensure uniform distribution of the load over the con-
crete surface. Ribbed rubber padding was glued to the
load face of each plate to take up minor irregularities in
the concrete surface and further ensure uniform
distribution of the load.

The 25 hydraulic cylinders were installed in the mine
entry to simulate premining and postmining conditions.
These hydraulic jacks are shown in figure 5, which also
shows the 20 mechanical supports that continuously sup-
port the roof slabs while the model is not being used. The
complete test system, including all instruments and several
safety features, is shown in figure 1.

Figure 5.-Hydraullc supports being placed in model mine entry.

Hydraulic Loading System

The main hydraulic power unit used to load the model
was a 9.3-gal/min variable displacement pump. The 121
hydraulic cylinders, which applied load to the model as
shown in figure 6, are 3,000-psi cylinders and range in
diameter from 3-1/4 to 8 in. The loading configuration
was determined from a global analysis of stress
distributions around a typical mine opening (see the
section on "Loading Analysis" and appendix A). The
closed-loop, servocontrolled, electrohydraulic system is
divided into 11 zones.

139.2 65.9 41.6 18.2
H
=
H 2
H 3
H 4
H 5
H
g 6
o
A
105 27 21
NOTE
Numbered heavy lines are
slip planes

Figure 6.-Direction and amount of applied loads. Loads are

total per cylinder, kips, including 25-pct overload.



Instrumentation

The simulated concrete coal mine entry contains 106
embedded concrete strain meters. Sixty-five of the gauges
are 4-in-long single gauges mounted with their long axes
parallel to the 21-ft length of the roof slabs. The gauges
are arranged in two lines, each situated 18 in. in from the
east and west faces of the model (fig. 7). Thirteen three-
gauge rosettes composed of 2-in-long embedded concrete
strain gauges were placed in the slabs in both horizontal
and vertical directions. A pair of vertical rosettes and
three temperature sensors are illustrated in figure 8. Sev-
enteen platinum probe temperature sensors measure the
temperature at two points in the air around the model, six
points in the pillars, and nine different locations in the
roof slabs.

Loads on the heads of the 16 mechanically anchored
bolts and on the 16 resin-grouted steel bolts are monitored
with rock bolt load cells such as the one shown in figure 9.
These load cells have been used successfully in past re-
search at SRC and were available from existing inventory.
All load cells were recalibrated before being used.

Figure 7.-Embedded Instrumentation in slab 6.

Figure 8.-Vertical strain-gauge rosettes (266-271) and
temperature sensors (284-286).

Figure 9.-Roof bolt load celil.



Thirty-four direct current differential transformers
(DCDT’s) measure the interlaminar slip at each of the six
slip joints. Another 29 DCDT’s measure verticai deflec-
tion of the bottom and top slabs. Five of the seven
DCDT’s on the east face of the bottom slab are shown in
figure 5. The black structural framework supports the
deflection DCDT’s, but the irterlaminar slip DCDT’s are
mounted directly on the concrete structure.

Hydraulic cylinder efficiency tests were necessary to
determine friction losses in the cylinder. These tests indi-
cated that efficiency could drop to 85 pct at low pressures,
but could go as high as 98.5 pct at high pressures. To
determine the exact efficiency of the 11 different hydraulic
systems, 13 custom-designed, strair-gauged clevis pins vere
used. These special load cells measure load produced by
any selected hydraulic cylinder. A statistical sampling of
the 125 hydraulic cylinders was analyzed to produce
calibration curves for each system.

Oil pressure supplied to each of the 11 banks of hy-
draulic cylinders was measured with strain-gauge-type
pressure transducers. The transducers not only supplied
the feedback data for the closed-loop control but also
furnished load application data.

Computer and Data Acquisition System

The minicomputer operates with ASSEMBLER,
BASIC, and FORTRAN languages and controls the model
on a real-time basis. The central processing unit has
48,000 words of mapped memory, 315,000 words of dis-
kette storage, and 10 megabytes of hard disk storage.
Approximately 650 full scans may be stored on one mag-
netic tape. The data acquisition system can monitor
300 channels of instruments. Figure 10 is a general view
of the computer control panel.

ARMEN AT s
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Figure 10.-Computer conirol panel.

PHYSICAL MODEL TEST PROGRAM

The purpose of the model test program was to acquire
data (strain, slab deflection, interlaminar slip, and bolt
load) for the mine entry system in both the unbolted and
the bolted states using mechanically anchored bolts and
resin-grouted bolts. The data can serve to verify the com-
puter code used to model the structure and to increase
fundamental knowledge about roof bolting systems.

The two types of roof bolts tested are shown in figure
11, The mechanically anchored bolt is tensioned to put a
compressive load on the strata. In coal mining, a resin-
grouted bolt is generally an untensioned, fully grouted,
steei dowel. Both bolt types use identical bearing plates
under the bolt head.

/Grout
from resin

cartridges

shell

<—— |Integral
head bHolt

Bearing
plate

Headed,
deformed
reinforcing
bar

L

%‘Hardened

washer

Mechanically Resin—-grouted
anchored steel

Figure 11.-Two types of roof bolts.



The initial testing on the model determined dead-load
stresses by first fully supporting the dead weight of the
slabs with the 25 premining and postmining hydraulic jacks
in the entry. The mechanical jacks were released, and
then the hydraulic load was decreased in 10-pct increments
until the roof slabs were supporting themselves fully.

A grid pattern of sixteen 1-in-diameter holes, spaced
4 ft on center, was wet-drilled into the roof slabs. The
bolt pattern is shown in figure 12. No. 6, grade 60 resin-
grouted steel bolts were installed in each of the holes. A
typical live-load test was performed by first retracting all
load pads on the outside of the model and applying dead
load to the model, as previously described. Next, the load
pads were moved into contact with the model, and loads
were applied in S-pct increments of maximum load.
Loading was stopped at either a midspan deflection on the
bottom slab of 0.04 in or an internal longitudinal tensile
strain in the concrete slab of 50 x 10 in/in. This limited
the responses to S0 pct of maximum breaking capacity of
the model. Slab deflection was the controlling factor in all
tests.

Alfter live-load testing with all bolts installed, the bolts
were removed in three stages and the tests were repeated.
First, the four bolts in the geometric center of the pattern
were removed. Then the four remaining bolts near the
midspan on the east and west sides of the model roof were
taken out. Finally, the four remaining bolts adjacent to
each rib of the entry were removed. The bolts were re-
moved by overcoring with a custom-designed, thir-walled
diamond bit and then reaming the hole to a 1-3/8-in
diameter.

R
( 1.5%
4
L ) 4 [ ] [ )
5
Bolt location (typical) L
L] L] ] -~ l#
K
L] L ] L ] L ] J1b5’J
s e g g gl 5 T
‘ 15’
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Figure 12.-Bolt pattern.

In the next phase, 3/4-in-diameter, grade 55, mechari-
cally anchored steel bolts were inserted into the reamed
holes and tensioned to 13 kips using an impact wrench.
The tension was measured by rock bolt load cells rather
than with a torque wrench. Live-load testing then con-
tinued at 9, 6, and 3 kips with all bolts installed. The
three-stage sequence of bolt removal was repeated as
described above for the resin-grouted bolts.

COMPUTER MODELING OF PHYSICAL MODEL

One objective of this investigation was to establish the
validity of finite-element models of roof bolt support sys-
tems in mine openings. This evaluation was accomplished
by constructing analytical models that approximated the
geometry and loading characteristics of the physical model
opening and comparing the results of the analyses with
results of full-scale laboratory model testing. Although, in
most cases, geometry of mine openings can be assumed to
be constant, in the real world, loading intensities vary from
mine to mine, even at the same depths, because mine
geometry, physical properties of overburden, and geologic
characteristics of the surrounding media all influence load
intensities. For a given situation, however, information
gained from an analytical model can be used to predict the
performance of different roof bolting systems in a full-
scale physical model.

Laboratory test models are, however, subject to certain
constraints with respect to geometry and load intensities.
Given the capacity of the existing full-scale model test
facility at SRC, constraints arose partly because of the size
of the real mine opening actually chosen and partly
because of heavy load intensities in :he neighborhood of
the mine roof. Therefore, certain simplifying assumptions
consistent with the geometry and load intensities of the

pbysical modei were incorporated into the analytical
model. The rationale behind these assumptions is
discussed below.

LOADING ANALYSIS

Ic 1971, a numerical analysis was made at SRC to
determine the loading configuration for a physical model
that would simulate the stress distribution about a mine
opening in an infinite stress field. Though coal mines exist
at considerably greater depths, a depth of approximately
100 ft was assumed. Loading on the roof of a mine open-
ing is generally caused by the weight of the overburden.
Assuming a weight density of rock in the range of 140 to
150 1b/ft°, a load factor of about 1 psi results for every
foot of depth, However, because of the “inclusion effect"
of the mine opening, this load is not uniformly distributed
over the width of the rocf. To arrive at more accurate
load intensities around the mine opening, reference was
made to a finite-element analysis of a rectangular opening
subjected to an assumed uniform vertical pressure of
1,360 psi on the horizontal boundary at a distance of ap-
proximately SO0 in above the horizontal centerline of the
opening. This analysis was based on a linear elastic
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approach using the ASOLID computer program. The
horizontal and vertical dimensions of the surrounding mass
and the opening, including various material properties used
in the analytical model, are shown in figure 13.

With these large dimensions, the inclusion effect of the
opening and the Poisson’s effect were negligible in the
vicinity of the outside boundaries. All boundaries other
than the top surface were considered roller supported to
approximate the freedom of movement in a mining situ-
ation. The top boundary was far enough from the opening
for a valid assumption of uniform pressure. For these
reasons, the loading shown in figure 13 and the corre-
sponding responses shown in figure 14 (and subsequently
in figures 15 and 16) are referred to as "global loading"
and "global analyses," respectively. The stress distribution
in the neighborhood of the mine opening is shown in
figure 14, where the first, second, and third rows are the
resulting vertical normal, shear, and horizontal normal
stresses, respectively.

To check the statics of the stress distribution, the reader
should refer to figure A-1 in appendix A, where a portion
of the mine entry shown in figure 14 has been isolated. To
maintain equilibrium, shear stresses must occur in the
directions indicated on figure A-1.
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Figure 13.-Global model! loading and geometry.

SELECTION OF COMPUTER CODES

The immediate roof of a coal mine opening usually
consists of distinct beds. Because of the geologic discon-
tinuities inherent in actual mining situations, the load-
carrying capacity of the immediate roof is reduced signifi-
cantly compared with the capacity of a continuous slab of
the same thickness and similar material properties. One
basic aim of this project was to establish technical criteria
for support of the immediate roof, using roof bolts to
make the roof layers act as a reinforced rock unii. There-
fore, it was necessary to employ a numerical analysis meth-
od that could incorporate features such as joints, bedding
planes, and roof bolts. Joints and bedding planes are
defined differently: Bedding planes constitute depositional
horizons, whereas joints are fractures in the rock that
occur primarily as a result of external stresses. Both
ANSYS and BMINES computer codes were employed to
corroborate the analytical results. These codes were first
used to model continuous media without slab interfaces
(unlayered solids), using the material properties and load
distributions of the global analysis (fig. 13) for comparison
with the ASOLID results (fig. 14). The resulting quantities
from the analysis using BMINES are shown in figure 15,
where the first, second, and third rows are vertical normal
stress, shear stress, and horizontal normal stress, respec-
tively. As can be seen, figures 14 and 15 compare very
favorably with each other, validating the use of BMINES.

After the validity of the BMINES code when applied to
solid continuous media was verified, stress distribution
around the mine-opening was determined for a depth of
100 ft by multiplying the quantities in figure 15 by a factor
of 100/1360 = 0.0735 (fig. 16), which is the ratio of the
loading under consideration to the global loading shown in
figure 13. Figure 17 shows stress intensities taken from
figure 16 at sections A-A and B-B, which formed the
boundaries of the physical model after these loads were
corrected for the dead-load contributions of the model,
that is, the applied stresses on the boundary were equal to
total live load minus dead load of the physical model.
These loads were applied on the boundary of the physical
model by means of steel pads (fig. 17). The practical
aspects of the application of these load intensities and the
geometrical constraints of the laboratory model are
discussed below.

GEOMETRICAL BOUNDARY CONDITIONS
AND LOADING ANALYSIS

For the analytical model to represent the physical mod-
el in all respects, it was necessary to impose some restric-
tions on the loading intensities and on the boundary con-
ditions of the analytical model. These constraints may
contradict some of the information provided by the global
analyses shown in figures 14 through 16, but they will not
cause significant changes in the critical regions. For ex-
ample, it would be impossible to construct a full-scale
physical model and maintain the displacements at the
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Figure 14.-Analytical stress distributions around mine opening caused by global loading, using ASOLID code. Source, figure 13.
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Figure 15.-Analytical stress distributions around mine opening caused by global loading, using BMINES code. Source, figure 13.
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Figure 16.-Analytical stress distributions around mine opening caused by global loading, corrected for 100-ft depth.
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bottom of the pillars or at the center of the span, as is
done in the global analysis. However, if roof displace-
ments relative to pillar displacements are examined, the
analytical and physical models should give comparable
results, provided the boundaries of the analytical model
are loaded with the stress distributions given in figure 16,
This result is verified in figure 18, where stresses applied
on the boundary of the physical model after correction for
dead load were subtracted from figure 16 and applied to
the analytical model as nodal point loads. The resulting
stresses, along with the boundary constraints, which re-
present the behavior of the physical model, are also shown
in figure 18. Despite the fact that all boundary require-
ments of an actual mine cannot be satisfied in the labora-
tory (for example, it was assumed that §y = 0 along the
pillar base and §x = 0 at the innermost point of the pillar,
assumptions that violate field or stress conditions in the
real world), the results in figure 18 compare favorably with
those shown in figure 16, which were derived from a global
analysis. Iu the global analysis, no boundary constraints
were imposed around the immediate boundary. However,
the physical model boundary constraints around the mine
opening shown in figures 17 through 19 did not signifi-
cantly affect the stress distributions in the regions of inter-
est, for example, bottom midspan and span-pillar inter-
action regions. This justifies calculations of the boundary
restraints of the model.

The boundary loads shown in figure 18 consist of nor-
mal and shear loads. An examination of the ratios of
shear forces to normal forces at the boundaries shows that
they ranged from 0.4 to 1.4 on the load pads. This means
that a coefficient of friction as high as 1.4 would be needed
to prevent the pad(s) from slipping because of high shear
forces. Achieving such a frictional resistance is imprac-
tical. A literature survey revealed that the coefficient of
friction of steel on concrete ranges from 0.2 to 0.4, and it
was decided to limit the coefficient of friction to 0.4. This
changed the applied state of stress on the boundaries of
the structure, causing a different stress distribution in the
model. To avoid any significant changes in the critical
regions, namely in the interaction between the pillars and
the span under shear stresses and in the center of the span
under bending stresses, many trial loads were evaluated
using a computer. The best choice of load application is
illustrated in figure 19, which shows that the bending ten-
sile stresses in the bottom region of the span and the shear
stresses around the region of the pillar-span interface
compare satisfactorily with the corresponding data in
figure 18.

MODEL MATERIALS

The material properties used in the analytical model
were those of the global analysis (figs. 13-14). The
physical model was intended to incorporate the properties
of coal shales. Extensive testing of samples from various
regions of the country has shown that the approximate
compressive strength of coal shale is 5,000 psi. However,
the compressive strength of the concrete used in the
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physical model measured between 5,500 and 6,500 psi
Therefore, for analytical equations requiring data on
material properties, a compressive strength of 6,250 psi
was assumed for the concrete in the physical model.
Using code 8.3.1 of the American Concrete Institute, the
modulus of elasticity of concrete is

E, = 57000 J&.", 0
where fc' = compressive strength of the concrete, psi.’
Therefore,

E, = 57,000 /6,250 = 4.5 x 10° psi, )
where v = 015°

Using this value for E; and the loads on the boundaries
shown in figure 19, the stress distribution around the
model mine opening was calculated and is depicted in a
finer mesh pattern in figure 20.

SLIP ELEMENT MODELS

The analytical modeling discussed so far represents the
geometry and loading of a mine opening constructed in a
continuous, unbedded medium. However, the mine model
tested in the laboratory is not in a monolithic and con-
tinuous medium. To simulate the bedded structure found
in coal mines, the model mine roof was constructed of six
concrete layers separated with polyethylene sheeting and
resting on two concrete pillars. Slab interfaces present
difficulties in finite-element analysis both in a model and
around coal mine openings. However, these interfaces can
be modeled with joint elements. This requires that inter-
face material models be formulated as part of the com-
puter modeling analysis. The interface material models in
codes such as BMINES and ANSYS accommodate options
for two- and/or three-dimensional joint elements. These
elements are intended to represent various types of inter-
faces, including joints, faults, bedding planes, and in
general, any planes or axisymmetric surfaces that may
maintain or break physical contact and that may slide
relative to one another.

BMINES CODE

The joint element described by Goodman and Dubois’
is nonlinear and requires an iterative solution with the
stiffness matrix formulated after each iteration, For the
purpose of mathematical modeling, the joint material is

SWang, C. K. and C. G. Salmon. Reinforced Concrete Design.
Harper and Row, 4th ed., 1985, 15 pp.

SThese values for B, and v were also verified by laboratory triaxial
tests.

"Goodman, R. E., and J. Dubois. Duplication of Dilatancy in
Analysis of Jointed Rocks. J. Soil Mech. and Found. Div., ASCE, v. 98,
No. SM4, Apr. 1972, pp. 399-422.
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Figure 20.-Stress distributlon in physical model using actual material properties and applied loads shown in figure 19. All values
in pounds per square inch.



assumed to have a finite thickness and a finite volume,
although both may be quite small compared with adjacent
material elements. Using this thickness along with the
dimensions of the joint, it is possible to define the element.
The deformation across the interface distorts the region,
making it possible to define joint element strains in a
manner completely analogous to that of computing strains
in a continuum element.

The mechanical response of a joint element, as in the
case of a continuum element, consists of elastic and plastic
components. Plastic strains in the directions normal to,
and along, the plane of the joint are referred to as "dila-
tation" and "slip," respectively. The element is capable of
supporting only compression in the direction transverse
(normal) to the surfaces and only shear along (tangential
to) the surfaces. Consequently, normal and shear stiff-
nesses (K, and K,) of the joint must be known. These
stiffness values, in general, vary from situation to situation
and are often controversial. The values used in this anal-
ysis were based on laboratory tests performed on concrete
blocks at SRC in the manner outlined by Goodman and
Dubois.® These results are discussed briefly in the
following section.

Shear Stiffness Coefficient

The shear strength parameters required by the
BMINES code are peak shear strength, 7, and residual
shear strength, 7.. These quantities are functions of nor-
mal stress and are qualitatively sketched in figure 214,
Two slab blocks or disks separated by a joint are subjected
to a constant normal stress while a gradually increasing
unidirectional shear stress is applied. The displacement
results in the corresponding shear strain, which determines
G(K,), the elastic shear modulus of the joint. During this
loading, all the shear elastic strain is recoverable and no
slip occurs until the peak shear strength, 7, is reached.
At this point, finite slip begins, causing some damage to
the asperities and reducing the shear strength until it levels
off at the residual shear strength, 7.. The transition from
7, to 7, takes place linearly with increasing plastic slip
strain, The data accumulated from stiffness tests and the
method of testing are discussed in appendix B. Average
values for shear coefficients required by BMINES are
presented in table B-4.

Normal Stiffness Coefficients

For the determination of normal stiffness, K, two
blocks separated by a joint are subjected to constant, uni-
directional shear stress while normal stress is gradually
increased. This loading results in a bilinear curve of the
type shown qualitatively in figure 21B. Here, E, represents
the modulus for fully bonded behavior while E, applies to

Bwork cited in footnote 7.
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the debonding transition zone marked at the normal stress
level, o,. A tensile strength up to o, can be held by the
joint if the joint is still intact. If either debonding or prior
slip have occurred, the tensile strength of the joint, o, is
considered zero (fig. 21C). The stress-strain behavior of
the polyethylene-separated joint, given by various tests, is
also presented in appendix B. Based on these tests, aver-
age values for E, E,, 0,, and o, (table B-4) are 413,000,
33,000, 57.8, and 0 psi, respectively. A qualitative plot of
this phenomenon is shown in figure 21C.

ANSYS Code

The interface slip element provided in ANSYS is simple
compared with that in BMINES and requires very few
parameters. The sliding of the two surfaces is based on
Coulomb friction. The element may be initially preloaded
in the normal direction or it may be given a gap specifi-
cation, § (fig. 224). Angle © in figure 224 defines the
interface plane, which, for the horizontal slab, is zero. A
specified stiffness acts in the normal and tangential direc-
tions when the gap is closed and not sliding. The value of
normal stiffness, K, (fig. 22B), is to be entered as the
stiffness of the surface materials of the contact. The only
other material property required is the interface coefficient
of friction, p, for the polyethylene sheet. In a normal
direction, when the normal force, F,, is negative, the inter-
face remains in contact and responds as a linear spring, A
positive normal force indicates debonding. In the tangen-
tial direction, for normal force F, < 0 and tangential force
F, >u|F,|, the interface does not slide and responds as a
linear spring in the tangential direction. When F_ < ( and
F, >pu | F, |, sliding occurs, and shear stiffness, K, degen-
erates to virtually a zero slope (indicated by the dashed
line in figure 22C). For a detailed description of the
interface, the reader is referred to the ANSYS manual.®

FINITE-ELEMENT MODEL MESH

In order to form a more accurate picture of the varia-
tion of stresses and displacements in the physical model
(fig. 2), a more refined mesh was used (fig. 23). The
element sizes over the span length and in the neighbor-
hood of the span-pillar region were made small enough
(6 by 3 in) to interpolate the stresses and/or displacements
without significant errors. Toward the base of the pillars,
the size of the elements was 6 by 6 in. The selection of
proper element sizes, not only over span length but also
through the thickness of each slab, is the key to obtaining
the true stress distribution over each slab. If recording
instruments are installed in the desired locations,
comparisons can be made between observed quantities.

(Houston, PA).

°Swanson  Analysis Systems, Inc.
Feb, 1982,

ANSYS-Engineering Analysis System, Volumes I and 1L
500 pp.
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PHYSICAL AND COMPUTER MODEL RESULTS

UNBOLTED, DEAD-LOAD RESULTS

A comparison of predicted and observed values for
dead-load conditions establishes the validity of the analyt-
ical model with greater confidence than would using any
other loading condition. This is because the dead-load
condition is less susceptible to experimental errors that
may be inherent in externally induced loads (live loads).
The results of static analyses on the layered model for
dead-load and dead- and live-load conditions are presented
in appendix C.

Because of the nonlinear nature of the interfaces be-
tween slabs, the experimental and analytical models must
be loaded or unloaded in small increments. Accordingly,
the support system of the open span in the physical model
was released gradually in 10- load increments until full
dead-load conditions were reached. A theoretical analysis
of dead-load conditions using an equal number of incre-
ments was also performed. The dead-load experiment was
repeated three times. The average values of observed
deflections of some of the points along the lower edge of
the span, together with those predicted for the unlayered
solid and layered computer models, are shown in table 1.

Although deflection in the midsection of a layered
structure is many times greater than that for an unlayered
solid structure, this situation should not be considered
unusual. Even with the same geometry and under identi-
cal loading conditions, the relative stiffness values, the
number of bedding planes, and the pillar widths will all
influence the results. Results show that the data from the
layered analytical models, except for those points at the
outer rib edge, compare favorably with the data from the
physical model. Complete profiles of the deflection curves
of slab 1 (top slab) and slab 6 (bottom slab) are given in
figure 24. The two experimental curves are plotted in
figure 24 and pertain to the opposite edges of the physical
model. Despite some slight deviation between the two
experimental curves, there is very good agreement on
deflections across the roof span between the analytical and
the experimental results.

It should be noted that both the BMINES and ANSYS
codes give essentially identical responses despite different

interpretations and definitions of joint material models in
each code. The small discrepancies between the predicted
and the measured values at the outer edges of the model
can be attributed partly to the insensitivity of the defor-
mation gauges at very low values and partly to the curling
effect of the slabs at the corners. As expected, this devia-
tion at the corners appears to be less pronounced in the
lower slabs than in the top slab.

The experimental longitudinal strains caused by dead
loads in slabs 2, 5, and 6 are plotted in figure 25 along
with the corresponding predicted values. As in the case of
the deflections, BMINES and ANSYS codes give nearly
identical predictions for the longitudinal strains. Compar-
ison of the predicted strains with observed values shows
that, for a major portion of the model, the agreement is
very good. The close agreement between the two codes
could be attributed to small deflections in situations where
nonlinear joints under BMINES behave similarly to linear
joints under ANSYS.

Some of the observed strain values that seem to deviate
significantly from the predicted quantities are thought to
be of questionable accuracy. For example, in figure 25B,
the observed strains measured at the top and bottom of
slab 5 near its midsection are -12.7 X 10¢in/in and +7.5 x
10 in/in, respectively. The value of +7.5 X 10 in/in is
incorrect because (1) the strain value at the identical loca-
tion on slab 2 (fig. 254) reads +9.3 x 10° in/in; however,
the strain value in slab 5 (fig. 25B), because of its position
relative to slab 2, must necessarily be greater than that
registered on slab 2 at a corresponding location, and (2)
geometrical and load symmetrics require that ihe mid-
section of the structure be experiencing pure bending, and
this is confirmed by the predicted values. If the strain
reading of the bottom gauge in slab 5 at midsection is
assumed to be approximately 12.7 x 10 in/in rather than
7.5 x 10° in/in, the comparison between the predicted
and the observed values is excellent. The sensitivity of the
gauges at low readings must be carefully determined
before their accuracy is accepted.

Table 1.-Comparison of vertical deflections at various points along bottom of slab 6 (y = 72 In)
for unboited, dead-load conditions, inches

(Plus sign refers to tensile and minus sign to compressive stresses)

Analytical
Position’ X, in Layered Unlayered Experimental
BMINES ANSYS solid®
Outerribedge ........ 0 +0.00266 +0.00290 -0.00310 -0.0002
Inner rib edge ........ 36 -.00138 -.00143 -.00054 -.0020
Midspan™ ............ 126 -01210 -.01230 -.00144 -0125

!See figure 20 for x and y coordinates.
2BMINES.
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In slab 6 (fig. 25C), readings of top gauges (compressive
strains) at and near the midsection of the structure appear
to be inaccurate. The top gauge reading is -10 X 10° in/in
at the midsection of the model and the corresponding
bottom gauge reading (tensile strain) is +15 x 10 in/in.
If these magnitudes are compared with the corresponding
top gauge readings in slab 5 (-12.7 x 10 in/in) (fig. 25B),
one must conclude that compressive strain in slab 6 should
be greater than -12.7 X 10° in/in. Also, recognizing that
pure bending will dominate in the neighborhood of the
midsection, more valid midsection gauge readings would
be around -15 x 10°® in/in rather than -10 x 10° in/in.
These comments are equally applicable to observed read-
ings on either side of the midsection. If observed values
are compared with predicted values, it can be seen that the
responses almost overlap each other and an excellent
correlation can be established.

Each of the top five slabs, which are supported elasti-
cally by the neighboring slab, should bend about its own

neutral axis. The shear forces (although small) along the
top and bottom longitudinal surfaces of each of these slabs
are approximately the same magnitude but act in opposing
directions; thus, they induce negligible axial stress but
nevertheless influence the pure bending stresses. Slab 6,
however, is supported by the two pillars. The shear force
developed along the interacting surface between slab 6 and
the pillars does not entirely neutralize the shear force
along the top surface of slab 6. This induces axial stresses
in addition to bending stresses. Compared with the bend-
ing stresses in the middle of the span, these coupled
stresses over the pillars reach significant levels, An
examination of the strains in slabs 2 through 6 reveals a
significant buildup of stresses in the portion of the slabs
over the pillars. These stresses are at least of the same
magnitude as the stresses in the midsection of the
structure. At the midsection, stresses are predominantly
of a bending nature; near the edges, they are coupled with
axial stresses as well. As the distance from the pillar
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Figure 24.-Predicted and observed vertical deflection profiles under dead load without bolts. A,

Lower edge of slab 1; B, lower edge of slab 6.
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toward the midsection increases, the effect of axial stress
decreases, and pure bending becomes predominant.

In deflection as well as strain analyses, the responses
showed reasonably good agreement between the observed
and the predicted quantities. The predictions of the
BMINES and ANSYS codes were almost identical. All
these comparisons were sufficiently favorable to confirm
the validity of the analytical models for unbolted, dead-
load cases.

UNBOLTED, LIVE-LOAD RESULTS

To avoid premature structural failure, it was prudent
not to load the physical model to failure. The conditions
for maximum live loading were (1) limit strains at critical
sections (that is, midspan) to 50 X 10 in/in (in tension)
and (2) limit maximum vertical deflection to 40 x 10” in.
To be conservative, the live load was limited to 40 pct for
the unbolted case and 40 to 70 pct for the bolted case,
depending upon the type of bolt (fig. 19).

Live load was applied in small increments. Data were
recorded for 20, 40, and 60 pct of the full live load as
shown in figure 19. Deflection profiles of the lower edges
of slabs 1 and 6 are plotted in figure 26, together with a
number of observed values. The theoretical values given
by BMINES and ANSYS appear identical to each other,

X + D> O

but both tend to deviate from the experimental values,
particularly in the pillar-span regions. In addition, the
observed behavior is asymmetrical. This may suggest
uneven deformation of the floor, to which deformation
gauges are attached by a framework. Another possible
cause of deviation at certain locations may have been
inconsistency in the amount of actual pressure applied on
the pads by the hydraulic system. Dead-load cases lack
these sources of possible errors (fig. 24), and the experi-
mental and the theoretical comparisons were excellent for
dead-load conditions, thus validating the analytical model.
Despite discrepancies, overall comparisons of deflection,
strain, and stress appear to be satisfactory.

Figure 27 illustrates plots of strain variations across the
model for slabs 2, 5, and 6 and shows that the theoretical
values from BMINES and ANSYS compare very well with
each other. The observed values, despite the lack of suffi-
cient data (because of the failure of many of the
embedded strain gauges), generally follow the predicted
pattern. Any deviations from predicted values can be
explained by the manner in which dead-load strain
comparisons were analyzed. From these observations and
analyses, it is reasonable to conclude that the stress
distribution in a mine opening with horizontal beds can be
predicted analytically with good results.
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Figure 26.-Predicted and observed vertical deflection profiles under dead and 40-pct live loads
without bolts. A, Lower edge of slab 1; B, lower edge of slab 6.
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without bolts. Measurements were taken 1-1/2 in from top and bottom edges as indicated in key. A,

Slab 2; B, slab 5; C, slab 6.

ANALYSIS OF BOLTED ROOF

A second goal of this investigation was to analyze the
performances of different types of roof bolt systems used
to reinforce layered mine roofs. The degree of roof sta-
bility gained by the use of any roof bolt system will depend
upon bolt type, as well as such factors as bolt spacing, bolt
length, height of the immediate roof, and amount of pre-
tensioning. Theoretically, roof bolts increase the strength
of the surrounding medium either by compressing the
bedded strata, by causing significant shear resistance

between layers, or by introducing resistance to shearing
along the length of a bolt. These phenomena result in
redistribution of stresses, and the behavior of the imme-
diate roof begins to resemble that of a single unit rather
than that of a loosely jointed rock mass. Analytical mod-
eling of roof bolts and comparisons of their performance
with experimental data are discussed in the following
sections. Both mechanically anchored and resin-grouted
roof bolts with constant lengths and spacings are discussed.



MECHANICALLY ANCHORED BOLT SYSTEM

Mechanically anchored bolts are typically constructed of
3/4-in-diameter steel and equipped with expansion an-
chors. A bolt is inserted into a 1-3/4-in-diameter drill
hole and, with a bearing plate against the collar of the
hole, is torqued to activate the anchor until the desired
tension is reached (fig. 11). In the physical model, bolts
5 ft long were anchored in slab 2 with the load-bearing
plates placed along the lower edge of slab 6. A series of
dead-load tests were conducted, after which 20-, 40-, and
60-pct live-load tests under various bolt tensions, ranging
from 0 to 15 kips, were performed. A 4-ft rectangular bolt
pattern was used for all test configurations (fig. 12). A
mechanically anchored bolt, attached to the rock at two
ends and free along its length, does not resist any shear
along its length. It does narrow joint gaps by compressing
the strata through tension applied to the bolt to create
shear resistance between those portions of the strata
separated by the joint. Results of tests where bolt spacing,
bolt length, and bolt tension were varied will be discussed
later.

The BMINES three-dimensional truss element was used
to model the bolt. This is an elastoplastic isoparametric
element capable of transmitting only one component of
stress, either axial tension or compression. Its classifi-
cation as a three-dimensional element stems from its me-
chanical behavior, which is formulated in terms of three
translational degrees of freedom at each end.

The mechanically anchored bolt was also modeled using
ANSYS and the three-dimensional cable or compression-
only spar element. This element has a unique feature, that
is, a bilinear stiffness matrix where stiffness is removed if
the element goes into compression. The element operates
either as a cable (taking tension only) or as a compression-
only spar. It is nonlinear and requires an iterative solution
with the stiffness matrix reformulated for each iteration.

Deflections

Figure 28 shows theoretical deflection profiles of the
lower edge of slab 6 for bolt tensions of 3, 6, 9, 13, and
15 kips under dead load. The 5-ft-long bolts were installed
on 4-ft spacings. Both observed and predicted values for
the deflections are included in these plots, except that the
experimental bolts were not subjected to 15 kips of tension
(fig. 28F). The agreement between observed and pre-
dicted values was fairly good. Although curling on the
edges of the slab still persisted for bolts under low tension,
it decreased as the tension in the bolt was increased.
Comparisons of the vertical deflection for the 40-pct live-
load conditions were very satisfactory, differing by
2 x 10” in, which was within instrument precision. The
data for the vertical deflections under 40-pct live load and
variable bolt tensions are plotted in figure 29. The effect
of installed tension is shown in figure 30, where midspan
deflections of the bottom edge of slab 6 are plotted as
functions of installed bolt tensions for dead- and live-load

combinations. Under dead-load conditions, a reduction in
midspan deflection of 60 pct was observed when the bolt
tension was increased from 3 to 13 kips (table 2).

Table 2.-Comparison of vertical deflection components
at midspan under low and high overburden loads,
with and without tensioned bolts

(Tension in bolts equal to 13 kips)

Deflection, in Difference,
Unbolted Bolted pct
BMINES:
Dead load ... 0.0121 0.0085 26
Dead plus
100-pct live
load ....... .0396 .0358 3
ANSYS:
Dead load ... .0134 .0072 46
Dead plus
100-pct live
load . ...... .0395 .0347 12

Longitudinal Strains

For simplicity, only longitudinal strain distributions near
the top and bottom surfaces of slab 6 are discussed. The
strain variations in slab 6, under dead-load conditions for
installed tensions of 3, 6, 9, and 13 kips, are plotted in
figure 31; both theoretical and experimental results are
included in these plots. The strains in the bolted cases
were generally lower than those in the unbolted cases,
depending upon the amount of installed bolt tension.
Comparison of the strain in the unbolted condition (fig.
25C) with the corresponding strain under a bolt tension of
13 kips (fig. 31D) shows an overall compressive strain
decrease of 50 pct.

The variation of strains across the span of slab 6, under
dead load and 40-pct live load, is shown in figure 32 for
installed bolt tensions of 3, 6, 9, and 13 kips. As the
tension was increased in the bolt, the reduction of all
longitudinal normal strains in the slabs became very
significant.  This is especially evident with regard to
compressive strains. The two theoretical curves predicted
by ANSYS and BMINES are almost identical. The strain
variation patterns in the experiment are similar to the
theoretical variations. Any deviations in magnitudes were
probably due to errors in live-load applications on the
physical model and to faulty readings of the strain gauges
at specific locations.

The effects of bolting are evident from these diagrams
(fig. 31), which show decreases in compressive strains on
either side of the bolts. These decreases appear as dents
in the strain diagram and become more and more
conspicuous with increases in bolt tension.

Table 3 gives quantitative information on longitudinal
strains at distances of 3 in on either side of the bolt (at
x = 54 in and 102 in) across the interface (average y =
84 in) of slabs 5 and 6.
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Figure 29.-Predicted and observed vertical deflection profiles of lower edge of slab 6
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It is apparent that mathematical modeling of mechani-
cally anchored bolts can be done with reasonable accuracy
by BMINES and ANSYS. Each code has advantages and
limitations. ANSYS is simpler and much easier to use and
requires very few parameters as input. For consideration
of small deflections, ANSYS is recommended, although
cost effectiveness should also be evaluated.

BMINES, on the other hand, has a very versatile joint
element and requires a large number of input parameters
compared with ANSYS. The accuracy of such parameters
is sometimes questionable, and thus any accuracy gained
in theoretical development is often outweighed by the
approximate character of the input. For large deflections,
BMINES will yield more accurate results than ANSYS.
Because the BMINES code was already available at SRC,
and therefore its use was more cost effective, the analyses
were based primarily on BMINES,

Stresses

In slab 6, maximum tensile stresses occurred along the
bottom edge, at midsection, and along the top edge near
the roof pillar corner. In an unbolted state and under
dead-load conditions, each slab appeared to bend about its
own neutral axis in an almost pure manner. As the slabs
were compressed by bolting under tension, redistribution
of stresses caused neutral axes to shift toward the upper

half of the layers as shear stresses developed along joint
surfaces between slabs. The bending stresses in this state
decreased significantly, depending on the bolt tension. For
a bolt tension of 13 kips, the bending stresses at mid-
section in the bottom slab decreased by 20 pct compared
with those in an unbolted slab. Addition of normal
stresses through axial loading of bolts did not change the
tensile stress in the midspan of the bottom layer, but in-
stead reduced the compressive stress in the midspan of
the top layer of slab 6 by 30 pct.

In contrast to the bottom of slab 6, upper slabs con-
tinued to undergo the nearly pure bending observed in the
unbolted condition. Shear was developed along both the
upper and lower surfaces of these layers, negating effects
caused by axial stresses, although to a lesser degree than
that observed in slab 6. However, horizontal bending
stresses in these slabs showed decreases similar to those in
slab 6 (table 4).

Slabs under live-load conditions experienced responses
similar to those of slabs under dead-load conditions.
When a heavier load was placed on the structure, the
joints between slabs tended to debond, and reinforcement
caused by bolt action decreased. When bolt tension was
increased from 0 to 13 kips, the reduction in bending stress
under live-load conditions at the corresponding location
was approximately 10 pct.



Table 3.-Theoretical longitudinal strains at lower edge of slab 5 {y = 85.5)
and top edge of slab 6 (y = 82.5), 10° in/in

(Tension in bolts equals 13 kips. Plus sign refers to tensile and minus sign
to compressive stress. Measurements were taken 3 in on either side of bolt)

Layered Unlayered solid
Unbolted Bolted
Position’ Dead load 40 pet of Dead load 40 pet of Dead load 40 pot of
live load live load live load
BMINES
x = 51in:
Slabs ...... -2.050 -10.83 -2.80 -9.70 +0.2865 -3.136
Slab6 ...... -.0039 +1.949 +4.22 +4.18 +.2656 -3.507
x = 57 In;
Slabs ...... +1.041 -3.706 -.92 -3.85 +.6544 -2.125
Slab6 ...... -1.179 -6.444 +2.75 -.48 +.8851 -1.698
x = 99 in:
Slab5 ...... +13.59 +21.49 +9.51 +19.41 +2.832 +3.295
Slab6 ...... -14.26 -27.89 -5.74 -19.72 +3.346 +4.198
x = 105 in:
Slab5 ...... +14.49 +22.92 +9.30 +19.88 +2.974 +3.501
Slab6 ...... -15.20 -29.21 -5.35 -19.95 +3.565 +4.468
ANSYS
x = 51in:
Slabs ...... +4.37 -9.01 -1.76 -13.65
Slab6 ...... +3.30 +.06 +8.38 +8.87
X = 57in
Slabs ...... -1.15 -2.14 -4.91 -7.77
Slab6 ...... -33 -7.10 +7.55 +4.23
x = 99 in:
Slabs ...... +13.10 +20.30 +7.89 +16.02
Slab6 ...... -14.61 -29.33 -2.98 -16.91
x = 105 in
Slab5 ...... +14.12 +21.91 +8.26 +17.01
Slab6 ...... -15.63 -30.89 -2.64 -17.15

!see figure 20 for x and y coordinates.

Table 4.-Midspan varlation of normal stresses (in pounds per square inch)
under dead loads as a function of bolt tension

(Bolts are 5 ft long on 4-ft spacings. Plus sign refers to tensile and minus sign to compressive stresses)

y, in! Bolt tension, kips
0 3 6 9 13 15
Slab 6:
Bottom ... .. 73.5 +73.81 +69.05 +68.39 +66.78 +64.88 +62.65
Top oo 825 -68.55 -63.48 -56.29 -48.97 -39.31 -33.30
Slab 5
Bottomn ... .. 85.5 +64.99 +64.13 +59.46 +53.24 +47.51 +41.91
Top ... 94.5 -67.56 -66.89 -62.20 -57.92 -50.00 -46.35

'See figure 20.
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Figure 31.-Predicted and observed profiles of longitudinal strains on slab 6 under dead load using
s-ft-long mechanically anchored bolts spaced 4 ft apart. Measurements were taken 1-1/2 In from the
top and bottom edges as indicated in key. Tension was applied to (A) 3 kips, (B) 6 kips, (C) 9 kips, (D)

13 kips.
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Figure 32.-Predicted and observed profiles of longitudinal strains on slab 6 under dead and 40-pct
live loads using 5-ft-long mechanically anchored bolts spaced 4 ft apart. Measurements were taken
1-1/2 In from the top and bottom edges as indicated in key. Tension was applied to (4) 3 kips, (B)

6 kips, (C) 9 kips, (D) 13 kips.



RESIN-GROUTED BOLT SYSTEM

Unlike mechanically anchored bolts, resin-grouted bolts
establish a bond between the bolt material and the en-
closing medium over the entire axial surface of the bolt.
As a result, bolts reinforce the bedded medium by creating
shear resistance across a joint and through a slab, thus
restricting slip between layers (fig. 33). Modeling of such
a bolt requires different types of input for the BMINES
and ANSYS codes. These models are described below.

Modeling Considerations

The BMINES code, as noted, is usable for planar joints
extending from one end of the model to the other with no
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solids between the layers. The code does not permit join-
ing of nodes on either side of the joint to form solid ele-
ments as is usually done for a solid model. The only re-
course was to model a resin-grouted bolt with a fictitious
slip element where the bolt passed through the slip plane.
This element, indicated by nodes 1, 2, 3, and 4 in figure
334, was modified from the regular slip element by as-
signing it very high shear and normal stiffness properties.
To ensure connectivity between the layers at the interface,
this slip element was assigned nonzero cohesion. The
cohesive strength of the slip was assumed to be the shear
strength of the bolt. Other model properties for the

BMINES slip element

Steel

Bolt cross section

Resin grout |

bolt /_L T

— s

ANSYS slip element

——
T
o —4i—1—

Figure 33.-Slip regions occupied by resin-grouted bolt modeled with (4) BMINES and (B) ANSYS codes.
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resin-grouted bolt and the fictitious slip element were
determined in the following manner:

If D, = diameter of resin-grouted bolt,
D, = diameter of steel portion of bolt,
A, = gross area covered by resin-grouted bolt
(that is, cross-sectional area of drill
hole),
A, = area of steel portion of bolt,
and A, = cross-sectional area of resin surrounding
bolt,
™
then &, = (Dg)2

KiY
= - (1)* = 0.7854 in?,
4
T
As = - (Ds)2
4

™
= - (3/4)” = 0.4416 in’,
4

and A, = A,-A,
= 0.7854 - 0.4416

= 0,3438 in%.

The force-deformation relation is given by

F="—a,

L
where F = force in the member, 1b,

A = cross-sectional area of the member, in?,

E = modulus of elasticity in compression of the
material, psi,

L = axial length of the member, in,

and A = axal deformation of the member, in.

If F, F, and F, are forces resisted by steel area, resin
area, and gross area of the bolt, respectively, then

F, =F, + F;

AgEZAS (As) (Es) (As) (Ar) (Er) (Ar)
or L L

c S T

because A, = A, = A, andL, =L, =L.

T

From this, the elasticity modulus of the grouted bolt
system can be calculated:

E (ASES + ATEY)
s Ag

(0.4416)(30 x 10%) + (0.3438)(1 x 10%)
- 0.7854

= 17.3 x 10° psi.

The resulting shear modulus is

Eg
G S - N
& 2(1+ v)
17.3 x 10° 6.0 10° net
T2+ 025y o7 psk
The bulk modulus is
E 17.3 x 10°

_ 8 _
= 3(1-2v)  3(0.2 x 0.25)
= 11.5 x 10° psi.

In contrast to BMINES, ANSYS does not restrict the
slip element (interface element) to the entire length of the
slip plane; the slip element in ANSYS ensures connectivity
across the joint in the region of the bolt. This is indicated
by the interface nodes 1, 2, 3, and 4 in figure 338. Mod-
eling of this joint was based upon much simpler theoretical
considerations, compared with the BMINES slip element
theory. ANSYS requires only the shear modulus of the
solid medium on either side of the joint (an average value
if the medium across the joint possesses different material
properties) and the thickness of the joint, thus allowing any
chosen material to occupy the joint space. Accordingly,
the resin-grouted bolt was modeled using ANSYS in the
same manner as any other solid element having pertinent
model values as needed in BMINES. Some parameters
usually used in the slip element option of BMINES, for
example, cohesion, shear strength, etc., are not required in
ANSYS because the joint is based on Coulomb friction.



Deflections

The dead-load vertical deflection profiles of the model
with resin-grouted bolts spaced 4 ft apart are shown in
figure 34 for the lower edges of slabs 1 and 6, respectively.
The results from both the BMINES and ANSYS codes
closely agree with each other and also compare satisfac-
torily with observed values. A reduction in the vertical
deflection at the lower edge of the midsection of 10 pct
compared with the unbolted case is observed for both
predicted and observed values.

The indicated deflection profiles for combined dead and
40-pet live loads, shown in figure 354 for the lower edge
of slab 1 and in 358 for the lower edge of slab 6, show
deviations similar to those observed under mechanically
bolted conditions. Even though the experimental values
are not identical to theoretical values on either side of the
midsection, a maximum deviation of 5 x 10 in does not
appear to be sufficient to raise doubts about the compari-
sons. Some of these results should be examined with
regard to the inherent probability of inaccuracies of live-
load applications. For a model of this size having live
loads of high magnitudes, these deviations may be cousid-
ered to be within instrument accuracy. Table 5 gives quan-
titative information on the deflections for unbolted con-
ditions and for resin-grouted bolts under dead and live
loads. Some of these data have been used for comparison
with the mechanically bolted response and are plotted in
figure 36. This comparison reveals that bolt tensions rang-
ing from 6 to 9 kips are required for the mechanically
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anchored bolts to achieve the same effectiveness in re-
ducing deflection at the midspan as the nountensioned,
resin-grouted bolt systews.

Strains

Variations of longitudinal strains under dead loads in
the top and bottom layers (1-1/2 in from the top and
bottom surfaces) of slabs 2, 5, and 6 are shown in figure
37. The decreases in the magnitudes of the strains are
very significant compared with those encountered under
unbolted conditions (fig. 25C). The abrupt changes of
strain in the neighborhood of the bolts are noteworthy
compared with the corresponding strains for mechanically
anchored bolts (fig. 31). The resin-grouted bolts appear to
correlate better with the theoretical values. This might
indicate that the magnitudes of the applied prestresses are
different from the values assumed in the analytical mod-
eling of mechanical bolts. This is also evident from figure
38, which shows plots of longitudinal strains in slabs 2, 5,
and 6 under dead- and live-load combinations. Compared
with unbolted conditions, very significant decreases in
strain occur. In slab 6, for example, compressive strain
readings at the midsection decreased from 30 x 10° in/in
under unbolted conditions to 24 x 10° in/in under resin-
grouted conditions. The magnitudes of tensile strains did
not show such reductions because any reduction in hori-
zontal bending strain was accompanied by axial strain
caused by resultant shear forces in slab 6.

Table 5.-Comparison of observed and predicted deflections (in inches) along lower edge of slab 6 (y = 72 in)

{Bolts are resin grouted on 4-ft spacings)

Dead load plus-- x = 0in x = 36 in x = 81in x = 126 in
0-pct live load:
Unbolted:
Predicted . ........... +0.0027 -0.0014 -0.0087 -0.0121
Observed . ........... -.0003 -.0023 -.0098 -0125
Bolted:
Predicted . .. ......... +.0021 -0013 -.0079 -.0109
Observed . ........... -.0003 -.0021 -.0086 -.0112
40-pct live load:
Unboited:
Predicted .. .......... +.0008 -.0041 -0163 -0217
Observed . ........... -,0045 -.0081 -.0206 -.0246
Bolted:
Predicted . ........... +.0004 -.0042 -0153 -.0202
Observed . ........... -.0043 -.0080 -,0203 -.0250
60-pct live load:
Unboited:
Predicted . ........... +.0005 -,0051 -.0207 -.0277
Observed ............ ND ND ND ND
Bolted:
Predicted . ........... +.0002 -.0052 -.0162 -0253
Cbserved . ........... -.0056 -.0103 -.0250 -.0305
100-pet live load:
Unbolted:
Predicted ............ +.0003 -.0073 -.0296 -.0396
Observed . ........... ND ND ND ND
Bolted:
Predicted . ........... -.0002 -.0072 -0271 -.0358
Observed . ........... ND ND ND ND

ND No data.
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PARAMETRIC ANALYSIS

A basic goal of this investigation has been to verify
results from analytical modeling using the physical labora-
tory model to achieve values for longitudinal strains and
vertical deflections. For both unbolted and bolted con-
ditions, the physical model of a mine opening has proven
to be very useful for verifying the analytical model. The
joint elements in BMINES and ANSYS codes can be used
successfully for modeling bedded roof strata.

Mechanically Anchored Bolts

The analytical results indicate that for low bolt tensions
of 3 kips, changes in deflection profiles at the bottom edge
of slab 6 were inconsequential even when the bolt length
and the spacing were varied. This can be seen in figure
39, where midspan deflections of the bottom edge of slab 6

X + b O

are not significantly different for bolts 3 to 5 ft long spaced
from 3 to 12 ft apart. This may be because low bolt
tension exerted little squeezing of slab layers, and no
significant shear resistance was developed between the
layers. For high bolt tensions under unbolted conditions,
reductions in midspan deflections appeared to become
significant only for 5-ft-long bolts spaced at 4 ft or less
(fig. 40). When a condition in which a 5-ft-long bolt under
a tension of 15 kips is compared with an unbolted
condition, midspan deflection decreases by 9, 11, and
56 pet for bolt spacings of 4, 3, and 0.5 ft, respectively
(fig. 41). Figure 40 also shows that very small bolt
spacings under high bolt tensions were required to develop
adequate shear resistance between layers comparable to
that achieved by a solid model. For an intermediate bolt
tension of 9 kips and a bolt length of 5 ft, the decrease in
midspan deflection from the unbolted state amounted to
7 and 9 pct for holt spacings of 4 and 3 ft (fig. 42).
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Figure 34.-Predicted and observed vertical deflection profiles under dead load using 5-ft-long
resin-grouted bolts spaced 4 ft apart. A, Lower edge of slab 1; B, lower edge of slab 6.
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Figure 35.-Predicted and observed vertical deflection profiles under dead and 40-pct live loads using
5-ft-long resin-grouted bolts spaced 4 ft apart. A, Lower edge of slab 1; B, lower edge of slab 6.
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Figure 36.-Comparisons of resin-grouted bolts with mechanically anchored bolts showing
predicted midspan deflections under different bolt tensions (x = 126 in and y = 72 in).
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Figure 37.-Predicted and observed profiles of longitudinal strains under dead load using 5-ft-long
resin-grouted boits spaced 4 ft apart. Measurements were taken 1-1/2in from the top and bottom edges
of slab as indicated In key. A, Slab 2; B, siab 5; C, slab 6.
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Figure 38.-Predicted and observed profiles of longitudinal strains under dead and 40-pct live loads
using 5-ft-long resin-grouted bolts spaced 4 ft apart. Measurements were taken 1-1/2 in from top and
bottom edges of slab as indicated in key. A, Slab 2; B, slab 5; C, slab 6.
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The influence of bolts on longitudinal strains followed
the same pattern shown by the deflections. For low bolt
tensions at 3 kips, increasing the bolt length or reducing
the bolt spacing did not cause any significant decreases in
longitudinal strains. Figure 43 shows profiles of tensile
and compressive strains in slab 6 as functions of bolt
length. For higher bolt tensions, significant reductions in
strain occurred only with small spacings and longer bolts.
Figure 44 compares the unbolted condition with a
condition incorporating bolts of different lengths under a
tension of 13 kips. The decrease in compressive strain in
the neighborhood of the midspan of slab 6 ranged from 10
to 15 pct, depending on the length and spacing of the bolt.
For spacings of greater than 4 ft, strains did not vary ap-
preciably even for 5-ft-long bolts. From these observa-
tions, it appears that the response of the bolted model will
seldom approach the equivalent rigidity of a solid, unlay-
ered model unless bolt spacing is extremely small and
installed bolt tension very great.

Resin-Grouted Bolts

For spacings greater than 5 ft, midspan deflections were
independent of the length of the bolt. Even for spacings

less than 5 ft, the length of the bolt did not significaatly
reduce midspan deflection. This is evident from figure 45,
where deflection profiles of the lower edge of slab 6 are
drawn as functions of bolt lengths. The reduction of mid-
span deflection, compared with the unbolted condition,
amounted to 6, 7, and 12 pct for bolt spacings of 12, 4,
and 2 ft, respectively. A comparison of the data (fig. 42)
reveals that, for the same spacing and a bolt length of
5 ft, a mechanically anchored bolt requires a bolt ten-
sion of approximately 9 kips to produce the same de-
gree of reduction in midspan deflection as a resin-grouted
bolt (fig. 45).

Longitudinal strains are also virtually independent of
the length of the bolt (fig. 46); however, spacing of the
bolts does affect strain. In slab 6, midspan compressive
strain reductions of 21, 14, 7, and 4 pct were achieved for
bolt spacings of 2, 4, 6, and 12 ft, respectively. As
expected, the reduction of strains in the neighborhood
of the bolts was because of the stiffer behavior of the
bolt.

CONCLUSIONS

The goals of this investigation were (1) to establish the
validity of finite-element methods in predicting the re-
sponse of a model mine opening with and without the use
of bolts as roof reinforcement and (2) to compare the
relative performance (in terms of deflection and longitu-
dinal strains) of mechanically anchored and resin-grouted
bolts. The results of this research led to the following
conclusions:

1. The full-scale physical model of a mine opening has
proven very helpful in verifying the analytical model(s).
The responses of mechanically anchored and resin-grouted
bolt systems have been verified by the analytical modeling.

2. The analytical model(s) were used to study bolt
systems with respect to the type, length, spacing, size, and
installed tension of the bolts. These studies indicated
that

a. Under low bolt tensions (3 to 7 kips), the response
of a roof is independent of the length and spacing of
mechanically anchored bolts.

b. Bolt lengths of 5 ft or more with bolt tensions of
9 kips or higher and bolt spacings of 4 ft or less are
required for mechanically anchored bolts to cause any
significant reduction in midspan roof deflections and
longitudinal strains.

c. An infinite number of bolts having extremely small
spacings would be required to duplicate the response of a
monolithic mine roof.

d. For both types of bolts, a significant reduction in
compressive strains in the immediate roof takes place in
the midspan, while the tensile strains remain virtually
unchanged.

e. The longitudinal strains over the pillars may even
exceed those at the midspan, thereby destroying the
integrity of the pillars.

f. For commonly used parameters, such as 5-ft-long
bolts spaced 4 ft apart and tensioned to 9 Kkips, the
decrease in midspan deflection may be expected to be
around 10 to 15 pct and the longitudinal strain reduction
around 20 to 25 pct, compared with deflections and strains
of unbolted mine roof.

g. For a mechanically anchored bolt with a bolt spacing
of 4 ft and a length of 5 ft, a bolt tension of 6 to 10 kips,
depending on magnitude of load, is required to achieve the
same response as the response given by a resin-grouted
bolt.

It is recommended that pertinent field data be available
for correlation with analytical predictions in order to de-
sign a safe and economical reinforcement for mine roofs.
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Figure 39.-Predicted vertical deflection profiles of lower edge of slab 6 under dead and live loads using

mechanically anchored bolts at different spacings and lengths under a bolt tension of 3 kips. Lengths: (A)
3ft,(B)4af (C)5ft
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Figure 40.-Predicted vertical deflection profiles of lower edge of slab 6 under dead and live loads using
mechanically anchored bolts at different spacings and lengths under a bolt tension at 15 kips. Lengths: (A)

3t (B)4ft (C)5h
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Figure 41.-Comparisons of predicted midspan deflections among solid, unbolted, and mechanically bolted models
at different polt tensions and bolt spacings.
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Figure 42.-Predicted vertical deflection profiles of lower edge of slab 6 under dead and 100-pct live loads using
5-ft-long mechanically anchored bolts at different spacings at a bolt tension of 9 kips.
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Figure 43.-Predicted longitudinal strain profiles on slab 6 under dead and 100-pct live loads using
mechanically anchored bolts at different lengths and spacings under a bolt tension of 3 kips. Measurements
were taken 1-1/2 In from the top and bottom edges of slab. Bolt spacings were (4) 3 ft, (B) 12 ft, (C) 4 ft.



KEY
-ft bolt length
-ft bolt length
t bolt length
t bolt length

_— -

05
a4
o 3-
° 2
x N

LONGITUDINAL STRAINS, 1078 in/ir

MODEL DISTANCE, in

Figure 44.-Predicted longitudinal strains on slab 6 under dead and 100-pct live loads using mechanically
anchored bolts at different lengths and spacings under a bolt tension of 13 kips. Measurements were taken
1-1/2 in from the top and bottom edges of slab. Bolt spacings were (4) 3 ft, (B) 12 ft, (C) 4 ft.
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Figure 45.-Predicted vertical deflection profiles of lower edge of slab 6 under dead and 100-pct live loads
using resin-grouted bolts at different lengths and spacings: (A) 12 ft, (B) 4 ft, (C) 2 ft.
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Figure 46.-Predicted longitudinal strain profiles on slab 6 under dead and 100-pct live loads using
resin-grouted bolts at different lengths and spacings. Measurements were taken 1-1/2 in from the top and
bottom edges of slab. Bolt spacings were (A) 2 ft, (B) 4 #, (C) 6 ft, (D) 12 ft.
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APPENDIX A.-PLACEMENT OF LOADS

This appendix establishes the magnitude and direction
of the resisting forces on the boundaries of the solid struc-
ture (figure 14 in the main text) and isolated from the
global model (fig. 13). The stress components from the
global analysis are recorded on the elements enclosed by
the boundary of the model, as shown in figure A-1. These
stresses are converted to nodal forces by multiplying the
stress intensities by the tributary areas of the nodes, as-
suming a unit thickness of the structure. When these
forces are applied on the boundary, both the magnitude
and the direction must necessarily satisfy the statics of the
structure under consideration.

Figure A-1 shows the intensities of the stress compo-
nents acting on the boundaries characterized by passing
four sections in figure 14. The calculation of the balance
of forces in the x and y directions of a portion of the struc-
ture, enclosed by sections 1-1, 2-2, 3-3, and 4-4, is shown
in figure A-1. The calculated equilibrium in both the x
and y directions agrees to within 1 pct. The insignificant
differences derive from the assumption that shear stresses
on each element are uniformly distributed; as is well
known, shear stresses vary parabolically rather than uni-
formly. However, the laws of statics and compatibility
must be observed in determining the directions of all stress
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Figure A-1.-Statics checks on the mine opening caused by global loading. All values in pounds per square Inch.

Source, figure 14.



components. According to these laws, the assumed direc-
tions of figure A-1 are correct. Had the assumed shear
stress directions been different, no equilibrium would have
existed. One could arrive at the same conclusion by con-
sidering the state of stress at a point enclosed by any of
the corner elements, as indicated in figure A-2.

These global stress components, when corrected for a
depth of 100 ft, were not entirely applicable to the physical
model. Shear forces on the pads, which transmit normal
stresses and tractions, cannot excced the normal force
multiplied by coefficient of friction; that is, F, < uF,. Be-
cause most of the computer model shear forces exceeded
0.4 F, (u = 0.4) (coefficient of friction of steel on concrete
as assumed here), the redistribution of the applied stress
has to be calculated so that any possible deviatioii in the
stress distributions in the critical regions given by global
analysis of the structure is minimal. This has been dis-
cussed in detail in the main text. As a result of these
conditions, the stress components were applied to the
boundaries by load pads in the appropriate magnitude and
direction (fig. 19).

Referring to figure A-1 and assuming uniform distribu-
tion of stresses over each element, the summation of
forces in the vertical direction is as follows:

F

, = - [251 (7.5) + (297 + 399 + 566 + 795 + 1,053

1,292 + 1,470) 15 + 1,578 (7.5) + 56 (9) + (45 + 26
5/2) 18] + [2071 (7.5) + (2,260 + 2,220) (15)
(163) (9) + (253 + 214 + 203 + 274) (18)

+ (318) (9)] = 429 Ib.

+ 4+ 4+
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Balancing of forces in the x direction will require con-
sideration of bending and direct stresses on the boundary
of section 2-2:

366 + 243 .
o = | ——— = 304.5 psi,
2
366 - 243 .
Op = | —5—— | = 615 psi,
2
where o5 = bending stresses
and o, = axal stresses.

The resulting force due to axial stresses on the
boundary (section 2-2) is (61.5) (63 x 1) = 3,875 Ib.

The summation of forces in the horizontal direction is

F, = [216 (9) + (206 + 276 + 399 + 704) (18) + 533 (9)
+ 163 (7.5) + (224 + 107/2) (15)] + (3,875) - [56 (7.5)
+ (172 + 291 + 403 + 486 + 512 + 476 + 401) (15)
+ 318 (7.5)] = 610 lb.

' ~ 38 b +iio ~56 2
-+t i —_ P -
3 ———73 ] | —/— — — |
| +110]| | | | -56
| | I
-318
5 ———1 5 S

- > e R
| | 2
I-1,3-3 I-1,5-5 I-1,2-2

Figure A-2.-Magnitudes and directions of resisting shear stress for equilibrium of corner elements.
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APPENDIX B.-STIFFNESS COEFFICIENTS

This appendix presents the results of experiments to
determine the normal and shear stiffnesses of joints of the
model mine roof entry. The stiffness values of the joint
were necessary when using a finite-element approach with
BMINES.

The basic relationships under consideration were be-
tween aormal stresses and their corresponding displace-
ments (normal stiffnesses, K,), and between shear stresses
and their resulting displacements (shear stiffnesses, K)).
The qualitative behavior of idealized stress-strain curves
for determinations of K, and K are shown in figures B-1
and B-2, respectively. The SRC test procedure is based on
an article by Goodman and Dubois' and assumes smooth
joints (no dilatancy).

!Goodman, R. E., and J. Dubois. Duplication of Dilatancy in
Analysis of Jointed Rocks. J. Soil Mech. and Found. Div., ASCE, v. 98,
No. SM4, Apr. 1972, pp. 399-422.

Zone of
unbonded
behavior

€

Figure B-1.-Qualitative load displacement relationship for
normal stiffness of joint using BMINES.

Figure B-3 depicts one of the test curves that deter-
mined the normal stiffness coefficients needed for using
the BMINES code. E, is the modulus for fully bonded
behavior, while E, is the modulus in the transition zone
and o, is the compressive stress that acts across the
boundary between two slab surfaces.

SHEARING STRESS, psi

SHEARING STRAIN, in/in

Figure B-2.-Qualitative load displacement relationship for
shear stiffness of joint using BMINES.
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Figure B-3.-Sample plot for normal stiffness coefficient of
joint as required by BMINES.



The shear modulus behavior of one of the laboratory
iests is shown in figure B-4. G (G, in the code) is the
shear modulus in the elastic range. As the asperities were
worn down, the shear strength decreased to r,, which
corresponded to cumulative shear strain, y, (establishing
G, of the code). From these data, a coefficient (G,,) was
determined as the ratio of residual shear stress to peak
shear stress, 7,/7, at low normal pressures. However, as
the normal stress was increased, the shear stress necessary
to produce slip increased according to the relationship:

r = C, - o, tan(du + i),
where 1 =C, =0

The quantitative data obtained from numerous tests are
given in tables B-1 through B-4. The mean values of the
data used in the model are shown in tables B-3 and B-4
for normal moduli parameters, angles of friction, and shear
stiffness coefficients. Typical plots of these quantities for
some of the tests are shown in figures B-3 through B-5.

LABORATORY TESTS

The purpose of these tests was to determine joint stiff-
nesses, normal stiffnesses, and shear stiffnesses as they
related to the roof bolt model; the tests were conducted
along lines suggested by Goodman and DuBois.”

2Work cited in footnote 1.

45 ————— — T
40
35
30
25 _
20} | A
15+ .
10+ .
5+ -

1 1 1 L ] | 1

2 3 4 5 6 T 8 9
SHEAR STRAIN, in/in

Figure B-4.-Shear stiffness curve of joint.

SHEAR STRESS, psi

Table B-1.-Laboratory test results for normal
stiffness coefficients, pounds per square inch
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Sample E E, 0
SHEAR HELD CONSTANT AT 0 psi
104 iwiwin 542,000 12,500 25
201 ... ! ) B
3J4 ... 150,000 12,500 40
444 ... ... 450,000 11,100 25
5J1 ....... 270,000 18,000 30
59 R 129,000 57,000 70
1 233,000 9,000 25
243 ineoes 650,000 20,000 45
3J3 ... 283,000 14,500 40
443 ....... 400,000 20,000 20
5J2 . iiin e 550,000 40,000 75
6J2 ....... 800,00 58,000 35
Mean .. ... 405,000 24,800 39.1
Std dev . .. 215,000 18,200 18.3
SHEAR HELD CONSTANT AT 5 psi
18 wvmyas 750,000 77,000 75
201 cwsmsms 469,000 12,500 25
84 s 130,000 15,000 60
444 . ... ... 533,000 12,500 35
5J1 ....... 275,000 38,000 65
BT i 156,000 57,000 90
1J1r . 350,000 16,700 40
243 . 0aowms 750,000 17,500 45
3J3 ... 170,000 33,000 90
4J3 oo 500,000 17,000 25
5J2 ....... 400,1000 29,&1300 75
62 ... ... () 0 ()
Mean .. ... 407,500 35,500 56.7
Std dev . .. 219,000 28,400 23.1
'Bad data.
TABLE B-2.-Laboratory test results for normal Joint
stiffness coefficients (in pounds per square inch)
where shear is held constant at 10 psi
Sample E, E, 0
1J4 ... .. 850,000 43,000 65
201 ... .. 350,000 25,000 55
3J4 ....... 130,000 20,000 75
444 ... 433,000 15,800 55
5J1 ..., 330,000 73,000 100
6J1 v g0 190,000 44,000 85
LIV I 300,000 37,500 80
203 i e 1,200,000 57,100 75
33 .. 200,000 39,000 110
43 iwinuas 375,000 20,000 45
B2 viivis 229,000 23,000 75
6J2 ....... 500,000 127,000 90
Mean .. ... 424,000 43,700 75.8
Std dev . .. 309,000 31,200 19.0
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Table B-3.-Laboratory test results for shear stiffness coefficients

Sample G,, psi G, psi Gyor Psi Gg, tan gu
g,=10 psi g,=50 psi o, =150 psi

14 ..o 17 100 160 0.88 4.5 0.160
2J1 soiwimsmrnens 180 200 37![3 .90 4.0 130
34 .. 100 360 () .82 2.0 .188
44 ii iy versvmims 80 240 375 .54 4.5 .225
BJ1 ... .l 80 120 300 77 6.0 .200
Bl s s v smamenmy 230 210 395 1.00 3.5 .194
T W 45 150 300 .76 7.0 .230
- A A Py 30 360 600 5 4.5 173
B3 s gugs ss ny 90 130 500 .65 5.5 .154
443 ..o, 140 480 100 .76 4.6 .233
B2 wsmsma se s aa s 95 240 400 .88 5.0 .225
B2 wiains v e 110 300 470 .80 3.5 .200

Mean ........... 100 241 361 793 4.55 .193

Stddev ......... 60.9 116 144 120 1.29 .033
!Bad data.

Table B-4.-Averaged normal and shear stiffness coefficients,
pounds per square inch

Coefficients Mean Std dev
Normal
Ep 50543 413,000 246,000
E, ..... 33,000 25,000
B uee ne 57.8 25.2
Shear
Gy s 65 a5 150 107
Gg o ovns 190 .033
Gy .- 4.60 1.290
By wims .80 120
— 50 . .
»
Q
.40 + .
7]
n
W3l _
c
- du
‘Dzo_ tan ¢U=023 |
o
-
w10 .
o
n
1

1 1 L
0 -50 ~-100 -150 -200 -250

NORMAL STRESS, psi

Figure B-5.-Laboratory determination of angle of friction along
joints.

Each sample consisted of two circular disks each 3 in
thick and 13.5 in. in diameter. These disks were separated
by 6-mil polyethylene to maintain similarity between the
model and test joints, thereby avoiding any bonding. The
disks were poured from the concrete used in slabs of the
model.

The plot for shear-versus-normal stresses was obtained
by loading the sample up to 200 psi normal stress and
increasing the shear load until one disk moved relative to
the other. These values were recorded, the normal load
was released, and the corresponding shear stress was read
for set increments of normal stress. This procedure was
maintained for all tests.

SAMPLE ASSEMBLY AND TESTING

1. Remove the cardboard from the perimeter and
scrape the top and bottom of the sample to remove any
foreign matter.

2. Measure the surface of the sample for irregularities.
Measure thickness. Avoid relative movement between the
two blocks. :

3. Cap the top of the sample with plaster capping
compound.

4. Place the sample on the aluminum block. Place the
bottom ring and shim. Place the vertical direct current
differential transformer (DCDT) and metal bands on the
sample. Place the horizontal DCDT. Adjust the excitation
voltage to 6 V and set the range of the DCDT to mid-
range. Place the top ring, shim it, and place the load pad
on top. Align the sample in the testing machine and
tighten the backstop.

5. Where shear stress is held constant:

a. Take an initial reading with all loads off.

b. Place the hydraulic load pad on the top and
bring the normal load up to 200 psi. Apply the shear
constant and take a reading.

c. Release the normal load in even increments
while holding the shear stress constant. Take a reading at
each load step until horizontal shearing takes place.

d. Repeat for shear constants of 0, 5, and 10 psi.



6 Where normal load is held constant:

a. Reset the block and check the gauges.

b. Take an initial reading with all loads off.

¢. Place the hydraulic load pad on top and bring
the normal load up to the normal constant. Take a
reading.

d. Slowly apply the shear load. Use the ramp
loader. Take readings al even increments of horizontal
deflection to obtain a well-defined stress-strain curve in the
shear direction. When maximum load is reached, take
readings at larger intervals until the shear stress becomes
constant.

7. Shear versus normal:

a. Reset the block and check the gauges.

b. Take an initial reading with all loads off.

c. Place the hydraulic load pad and bring the
normal stress to 200 psi. Increase the shear stress until
sliding occurs. Take a reading, Use the ramp loader (on
slow setting) to ensure constant contact in the shear
direction. Unload the normal load at even intervals, wait
until the shear stress levels off, and take a reading at each
interval.

SAMPLES

Four samples were cast from the slab material of the
roof model for each joint of the model. The forms for the
samples were made from cardboard column forms cut to
3.5 in thick on a table saw. The bottom half of the form
was nailed to a piece of 3/4-in plywood. A piece of
0.006-in plastic was placed between the bottom and the
top. The top half of the sample was cast when the next
set of slabs was placed. The samples were cured in a fog
room with the cardboard forms still in place. The samples
were labeled with a joint number, a "J," and a sample
number; for example, 1-J-4 was taken from joint 1, the
fourth sample.

DATA REDUCTION

Procedure

1. Use punched tape to create a data file.

2. Run the program "Shear/Input." This will convert
and plot the data,

3. Run the program "Shear/Plot/Run" to get a hard
copy on the plotter.

4. Getthe values for E |, E,, and o, by drawing tangents
on the plots. The value for o, is the transition point
between E, and E,. Draw secants to obtain a range for
the values of E, and E,.

5. The expanded stress-strain curve for the shear test
may be obtained by plotting only the values in the elastic
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range. From this plot, get the values for G,. The values
of G,, and G,, may be obtained from the graph of the test
with the normal stress held constant at 10 psi.

6. The slope of shear versus normal is the value for the
tan 4u.

Note: The conversion factors were calculated from the
calibration runs.

Formulas

Shear load (I) = Volts (I) - Volts (0)(3000)
Displacement (I) = (A Volts Gage 1 * CF 1) - (A Volts
Gage 2 * CF 2)
Normal load (I) = Volts (I) - Volts (0)(3000) - 750
Note: (I) represents any point I; the weight of the load
pad is 750 Ib.

DISCUSSION

The BMINES code requires various properties of the
slip element. Not all of these input values are available
from the shear tests. The mean values (fig. B-5) were
selected from the data resuits (figs. B-1-B-4) and are
listed here:

G =0

G, = 150 psi Elastic shear modulus of the joint
material.

G, =019 Tan ¢u, tangent of the friction angle
for the joint.

G,,= 4.6 Slip modulus at which total
degradation of the asperities has
taken place.

G, = 080 Ratio of the residual-to-peak shear
strength for low normal stress.

E, = 413,000 psi Joint normal stiffness for fully
bonded behavior.

E, = 33,000 psi  Joint normal stiffness for transition
zone.

o, = 57.8 psi Compressive stress required to

establish full bonding,.

The standard deviation shows a variation of about
50 pet in all the test results. This is a large variation and
may be caused by several factors. The surfaces of the
samples varied up to 1/4 in. in roughness, which was
caused by variation in the sauna tube thickness and by
difficulties in obtaining a flat surface in a small area. The
surface variations resulted in uneven loading of the joint
and rocking of the sample. Because the deflections mea-
sured are small, these factors can cause large deviations in
results.
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APPENDIX C.-STATICS CHECKS

This appendix establishes, in detail, statics checks on the
layered analytical model. Following the procedure de-
scribed in appendix A, sections 1-1 and 2-2 were passed
through the model (fig. C-1). The resisting stresses were
converted to forces and moments and recorded in figures
C-1 and C-2 for dead load, and dead and live loads.

Force balances in the horizontal and vertical directions
and momeats about the z-axis are calculated below. Auy

deviations between applied and resisting quantities are
mainly because of the assumption of a uniform shear dis-
tribution on planes 1-1 and 2-2, whereas, in actuality, a
parabolic distribution on each layer should have been
assumed. Despite this, the comparisons establish the
statics of the layered model under dead load in a very
satisfactory manner.

HORIZONTAL FORCE,H
VERTICAL FORCE,V

MOMENTS, M

T 5 (12 ] 17 | 2550213, T
’ —| | | ] ] | TrsI |
o B e e B B e
L] [ .
- P w o o Oy H=144 LB
- = §f o™ M M PRSI v=998LB
v

Figure C-1.-Dead-load statics checks on unbolted physical model with slip planes.

W =10.25x8x1/12(149,2) =765.2LB

RESULTANTS
Y
w2 APPLIED LB

980 LB

5799 FT /LB

-~ 2
T v Ox M H
PSI LB P3| FT/LB LB
1 =E9.2
11 .26 | 3,12 114.9 43,8
-
| +61.9
===lz==gd=%2"3==z= =49
1 ~67.9
L 26| 3.12 |74.5 28.2
g
1 3.2
==g=====H= =5==4
i 7.4
1] 28| 330 174.9) 69.6
¥ -
= = === =28 L =
] 673
] 26 (3.10 174.9) 20.4
¥ + -
==g == ==%==fF ==
™ ¥ e 7
R 28 | 3.12 176.8|| 15.0
y +65.0 <—4
S e A e
o -60.6
le.zs 3.2 189.9)| 30.0
—
) +73.8
Lp= 108"
2 -~ H
w, .
-+ 2
DEAD LOAO

Wo= 3x 5.75x1/12(149,2) =214,5LB

979.7TLB

RESISTING LB PCT DIFFERENCE
147-145 L8 & QPCT

998-19:979 LB &~ oecr

3923 FT/LB ~ 2°PCT

Calculations are shown in text.
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Figure C-2.-Dead- and live-load statics checks on unbolted physical model with slip planes. Source, figure 23.

HORIZONTAL FORCES: (13.1

+ 512 + 25 + 1.7

+ 12 +5)6 +30-15-204-69.6 -282-438

-2 lb.

PERCENT DIFFERENCE: 0.

VERTICAL FORCES: (343 + 39.2 + 329 + 259 + 19.5

+ 14.6) 6 - (312 + 3.12 - 3.30
= 11b.

- 3.10 - 3.12) - 979.7

PERCENT DIFFERENCE: 0.

MOMENT:

7652 (61.5) + 214.5 (105) +12 [189.9

+ 1768+ (1749) 4] + 145 (105) - 6[343 (90)
+392 (96) + 329 (102) + 259 (108) +19.5 (114)
+14.6 (120)] + (438 + 30) (30) + (282 - 15) (18)

+ (69.6 - 20.4) (6) = 126 ft/lb.

PERCENT DIFFERENCE: 2.
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APPENDIX D.-SYMBOLS USED IN THIS REPORT

Cross-sectional area of bolt, in®

Gross area of resin-grouted bolt, in
Cross-sectional area of resin surrounding bolt, in”
Area of steel portion of bolt, in

Cohesion of joint, psi

Diameter of resin-grouted bolt, in

Diameter of steel portion of bolt, in

Modulus of elasticity in compression of material,
psi

Modulus of elasticity of concrete, in
Modulus of elasticity of grouted bolt, psi
Modulus of elasticity of resin, psi
Modulus of elasticity of steel, psi

Modulus of elasticity of fully bonded behavior of
joint, psi

Modulus of elasticity in transition zone after
debonding of joint has started, psi

Force in bolt, Ib

Forces resisted by gross area of bolt, Ib

Force normal to joint for determination of K, Ib
Forces resisted by resin area of bolt, Ib

Force tangent to joint for determination of K, b
Forces resisted by steel area of the bolt, Ib
Resultant of forces in x direction, Ib

Resultant of forces in y direction, lb
Compressive strength of concrete, psi

Shear modulus in elastic range, psi

Shear modulus of grouted bolt, psi

Compressive stress required to establish full
bending, psi

G,

ml"‘t"y\‘uwm’ﬂ

fa

=

=

-

@

£

=

(U

(Us)l

(Ua)s
(U

Shear modulus of joint in transition zone after
debonding of joint has started

Tan ¢u (tangent of friction angle for joint)
Degradation of modulus of joint asperities

Ratio of the residual-to-peak shear strength for
low normal stress

Elastic shear modulus of joint, psi
Beginning node of an element

End node of an element

Bulk of modulus of resin-grouted bolt, psi
Normal joint stiffness of model material, psi
Shear joint stiffness of model material, psi
Axial length of bolt, in

Length of grout in bolt, in

Undefined gap of joint

Length of resin in bolt, in

Length of steel bolt, in

Moment

Direction normal to joint

Direction parallel to joint

Shear displacement parallel to joint

Shear displacement of Jth node

Shear displacement of Ith node
Displacement across joint

Normal displacement of Jth node

Normal displacement of Ith node

Shear strain in the (x,y) plane, psi

Shear strain corresponding to 7, psi
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Y, Shear strain corresponding to 7, psi

A Axial deformation of bolt, in

A, Axial deformation of grouted bolt, in

A, Axial deformation of resin portion of bolt, in
A Axial deformation of steel in bolt, in

6 Interface gap of joint, in

sy Deflection in y direction, in

5x Deflection in x direction, in

€ Normal strain, psi

g Angle of inclination of the joint with the horizonal plane, deg
7 Coefficient of friction of joint (constant)

) Poisson’s ratio

v, Poisson’s ratio of concrete model

o Tensile normal stress, psi

O, Normal axial stresses, psi

og Normal bending stresses, psi

Oc Tensile strength of joint, psi

o, Stress normal to tangential plane, psi

oX Normal stress in x direction, psi

oy Normal stress in y direction, psi

0, Compressive stress at which E, changes to E,
T Shearing stress, psi

Ty Peak shear strength, psi

To Shear stress of unbonded behavior of joint, psi
T Residual shear strength, psi

TXY Shear stress in the (x,y) plane, psi
éu Angle of friction for joint, deg

tan gu  Tangent of friction angle for joint
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